Abstract. Typically, gas transport through firn is modeled in the context of an idealized firn column. However, in natural firn, imperfections are present, which can alter transport dynamics and therefore reduce the accuracy of reconstructed climate records. For example, ice layers have been found in several firn cores collected in the polar regions. Here, we examined the effects of two ice layers found in a NEEM, Greenland firn core on gas transport through the firn. These ice layers were found to have permeability values of 3.0 and 4.0 × 10 −10 m 2 , and are therefore not impermeable layers. However, the shallower ice layer was found to be significantly less permeable than the surrounding firn, and can therefore retard gas transport. Large closed bubbles were found in the deeper ice layer, which will have an altered gas composition than that expected because they were closed near the surface after the water phase was present. The bubbles in this layer represent 12 % of the expected closed porosity of this firn layer after the firn-ice transition depth is reached, and will therefore bias the future ice core gas record. The permeability and thickness of the ice layers at the North Greenland Eemian Ice Drilling (NEEM) site suggest that they do not disrupt the firn-air concentration profiles and that they do not need to be accounted for in gas transport models at NEEM.
Introduction
In the colder regions of an ice sheet, glacial ice is formed from the densification of snow due to the overburden pressure of successive precipitation. This change from snow to ice occurs over hundreds of years in a region at the top of the ice sheet, known as the "firn layer". The firn layer thickness is typically 40-120 m in depth, depending on the site conditions, and contains interconnected pore space within the layers of firn. The interconnected pore space allows gases from the overlying atmosphere to diffuse to the bottom of the diffusive zone of the firn column, where they are trapped in bubbles as the deepest firn layers become ice. However, firn-air within the firn layer has a distribution of ages due to diffusive mixing (Schwander et al., 1993) . Nevertheless, an inherent age difference ( age) exists between the ice and the bubbles it traps, because of the interconnected pore space in the firn layer (Schwander and Stauffer, 1984) . This age is an important parameter for interpreting ice-core records.
Melt events occasionally occur in the dry snow region of polar ice sheets, including the widespread events observed on the Greenland ice sheet in 1889 (Keegan et al., 2014) and 2012 (Nghiem et al., 2012 , Bennartz et al., 2013 . The meltwater from these events refreezes into ice layers within the snowpack near the surface of the ice sheet, and disrupts the interconnected pore space in that area. The rate of gas transport through the firn column is modeled assuming steady state diffusion through a continuously connected pore space, which decreases monotonically with depth through the firn column until the lock-in depth (Buizert et al., 2012) . Therefore, the models do not account for any pore space disruption due to ice layers formed from melt. At the Law Dome site, a low permeability section of the firn column was needed to reconcile the modeled gas diffusivity profile with discrete firn gas samples due to the presence of an ice layer (Trudinger et al., 1997) . However, it is unclear as to when we need to account for ice layers when modeling gas transport through the firn.
In this study, we examine the permeability of ice layers found in a firn core retrieved from the North Greenland Eemian Ice Drilling (NEEM) site, Greenland, in an effort to understand the impact that ice layers have on gas transport through the firn column. We also investigate microstructural properties of these ice layers, and discuss the effect of air bubbles included in the layers during the refreezing process. Lastly, we discuss ways to address the problem of ice layers when modeling gas transport through firn.
Methods

NEEM firn core
The NEEM 2009 S2 shallow-firn core was drilled in July 2009 from a firn-air sampling site approximately 1 km from the main drilling site at NEEM, Greenland. The core was drilled to a depth of 76 m and shipped back to the laboratory for analysis. In the cold laboratory, we recorded the stratigraphy and grain size with 1 mm resolution for the entire length of the core. We then cut the core into subsections of 5-10 cm in height, retaining samples of homogeneous layering as often as possible. The physical dimensions of each core piece were measured using calipers and a millimeterscale rule, and any imperfections in the sample were noted. The mass of each core piece was measured using a calibrated balance. We calculated the density for each core subsection from the measured height, diameter, and mass for each, with an instrumental error 0.05 g cm −3 .
Permeability
Permeability is a measure of a porous medium's ability to transport fluids through its interconnected pore space. Using Darcy's law (Eq. 1), permeability is defined as the proportionality constant, k, which relates the pressure gradient to the fluid flow rate through the sample:
where v is the Darcy fluid velocity, µ is the fluid viscosity, P is the pressure, and z is the height of the sample. Therefore, P / z is the pressure gradient across the sample, where P is the pressure drop and z is the length of the core section.
Diffusivity is described by Fick's second law of diffusion:
where c is gas concentration, t is time, D is diffusivity, and z is depth. Freitag et al. (2002) found a power-law relationship between permeability and diffusivity, which was modified by Adolph and Albert after measuring the diffusivity and permeability of firn samples, and found to be:
where b is a constant that is experimentally determined for each material, D f is the diffusivity in firn, and D a is the diffusivity in free air (Freitag et al., 2002; Adolph and Albert, 2013) . It was found that the b value for firn at Summit, Greenland, is 1.50. In deep firn, the permeability is linearly related to the gas diffusivity (Adolph and Albert, 2013) .
To determine the permeability of our firn core, we measured the P / z pressure drop over the height of each homogenous subsection of firn while varying the flow rate of air through the samples using a custom-developed permeameter . The measured geometrical dimensions, flow rate, pressure drop, air temperature, and barometric pressure were then used to calculate the permeability from Darcy's law. Measurements that were outside of the linear flow range, and therefore violate Darcy's law, were not used. On average, 8 to 10 permeability measurements were made on each sample using different flow rates.
While there are differences between the lateral and vertical permeability measurements of a core sample, it was found that these directional differences are much smaller than the difference in permeability measurements in the vertical direction of core samples from different layers (Luciano and Albert, 2002) . The permeability measurements reported here are in the vertical direction of our firn core.
Replicate permeability measurements on the same firn samples vary by 3 %, and similar measurements on standard glass beads vary by 6 %. It was also found that the permeability measured for different samples at a given firn depth varied by up to 10 % due to lateral spatial heterogeneity within the recovered cross section of the core . Therefore, we assume error of up to 10 % for permeability measurements due to the analysis of a single firn core at this site. The lower limit of permeability measurement is 0.1 × 10 −10 m 2 , and any measurement below this value is considered to be impermeable in this paper.
X-ray micro-computed tomography
We examined the three-dimensional structure of the firn and ice layers in the core using X-ray micro-computed tomography (micro-CT). Using a Skyscan 1172 micro-CT scanner housed within in a cold room, we scanned 10 × 10 × 15 mm samples containing the ice layers. We used the software programs NRECON TM , CTAn TM , and CTVol TM to reconstruct the three-dimensional images and calculate microstructural properties of the ice layer samples. The microstructural properties we examined were closed porosity, number of closed pores, and volume of closed pores.
Results and discussion
NEEM ice layers
We identified two ice layers in the NEEM firn core at 27.3 and 44.3 m (Fig. 1) . These ice layers are 1-2 cm in thickness, are comprised of ice without grain boundaries, and exhibit multiple ice horizons in close proximity at both depths. The structure of the ice layers is distinctly different from that of wind crusts, which are mono-grain layers of wind-packed snow that are approximately 1 mm in thickness and are commonly found in firn stratigraphy (Alley, 1988) . The thickness of the NEEM ice layers indicates that they were formed from the refreezing of meltwater within the near-surface snowpack at this site. The presence of multiple ice horizons at both ice layer depths is an indication that there was ample melting to cause percolation of meltwater deeper into the firn. The depth of the multiple underlying melt layers at a given site will depend on the nature of the melt event, the permeability of the firn, temperature of the firn, and the amount of liquid water available for percolation.
Using a depth-age scale reconstructed on the basis of seasonal variations in sodium (Na), non-sea-salt sulfur (nssS), black carbon (BC), non-sea-salt calcium (nssCa), and the ratio of nssS/Na (Sigl et al., 2013) , the shallower ice layer (ice layer 1) was dated to 1941 and the deeper ice layer (ice layer 2) was dated to 1888. Interestingly, it was found that ice layer 2 was formed from the last widespread surfacemelting event on the Greenland ice sheet in 1889 (Keegan et al., 2014) , which produced ice layers that are clearly visible in firn cores retrieved from many sites across Greenland.
Ice layer 1 appears to have been formed from a local melting event at NEEM, as it has not been identified in other Greenland firn cores.
The firn density profiles near each ice layer are shown in Fig. 2 . At the depths 23.5-28.5 m (Fig. 2a) , the 95 % prediction interval (gray lines) calculated from the local densification rate (black line) shows that the density of the sample containing ice layer 1 (0.65 g cm −3 ) is at the upper limit of the expected density. Conversely, Fig. 2b shows that the density of the sample containing ice layer 2 (0.72 g cm −3 ) is not statistically different, as the density value falls within the 95 % predicted interval of densities at that depth. This is due to the extent of firn densification at this depth.
Permeability
The permeability profile of the firn near each ice layer is shown in Fig. 3 . Near ice layer 1 (Fig. 3a) the permeability is slightly increasing with depth. The 95 % predicted interval for this depth indicates that the permeability of the sample containing ice layer 1 is significantly lower than the surrounding firn. Despite having a lower permeability of 3.0 ± 0.3 × 10 −10 m 2 compared to the surrounding firn, our results show that ice layer 1 is not impermeable. Near ice layer 2 (Fig. 3b ) the permeability is decreasing with depth, and the sample containing the ice layer falls within the 95 % predicted interval with a permeability of 4.0 ± 0.4 × 10 −10 m 2 , and is therefore not less permeable that the surrounding firn. At these depths, the firn layers are more dense and therefore less permeable, causing the permeability of the ice and firn layers to be similar.
Microstructure of ice layers
Reconstructed images of the ice and pore phases of both ice layers are shown in Fig. 4 . The ice phase images (Fig. 4a, b) show a continuous ice layer with few pores in both samples, representing the layers seen visually. The pore phase image of ice layer 1 (Fig. 4c) shows one large, horizontally connected pore running through the ice layer, which indicates that there are large pores directing gas transport through the ice layer. The pore phase image of ice layer 2 (Fig. 4d) shows few large, and many small, air bubbles that were trapped in the refreezing process of that layer. The bubbles within the ice layers closed when they were near the surface, and therefore contain atmospheric samples that are much older than bubbles formed normally at the bottom of the firn column.
To investigate the effect that these bubbles have on the NEEM firn-air record, the average bubble size, maximum bubble volume, bubble concentration, and percent of expected closed porosity were calculated from the reconstructed micro-CT images (Table 1) . Considering the total volume of pore phase in the micro-CT images, we calculated the bubble concentration to be the fraction of the pore phase found within the closed bubbles. Comparing, the total amount of ice layer 1 contained only small bubbles, and had a bubble concentration of 0.2 %. Ice layer 2 contained bubbles with an average volume of 0.75 mm 3 , with the largest bubble having a closed volume of 2.6 mm 3 , and a bubble concentration of 6 %. Firn that is just past the firn-ice transition depth typically has a density of 0.82 g cm −3 , and therefore a closed porosity of 0.11. We normalized the total amount of closed porosity found in the ice layer bubbles to that of "mature firn" with a closed porosity of 0.11, and found that the bubbles in ice layer 1 and 2 comprise 0.5 % and 12.0 %, respectively, of the expected closed porosity of that firn layer when the firn-ice transition depth is reached.
Ice layer effect on gas transport
Ice layers alter ice core gas records in three distinct ways: affecting gas transport in the open pores (Trudinger et al., 1997) , trapping bubbles during the freezing process, and altered air content due to the presence of the water phase (Neftel et al., 1983) . The ice layers affect gas transport in the open, interconnected pore space by reducing the permeability, which impedes bulk air movement in response to pressure gradients. Therefore, ice layers in the near surface will decrease convective mixing in the upper firn due to wind pumping. Ice layers will also reduce the gas diffusivity of that layer (Trudinger et al., 1997) and impact the diffusive fluxes of all gases. Consequently, ice layers in the firn layer will reduce the gravitational enrichment of gases within the pore space, and reduce the propagation of transient atmospheric signals into the deeper firn. Despite the NEEM ice layer 1 having a
The Cryosphere, 8, 1801-1806, 2014 www.the-cryosphere.net/8/1801/2014/ lower permeability compared to the surrounding firn, neither NEEM ice layers appear to have had much effect on the open pore gas transport (Buizert et al., 2013) . This is likely due to three-dimensional nature of gas transport, and imperfections in the lateral extent of ice layers. The firn-air profile at the DE08-2 site (near Law Dome), Antarctica, demonstrated that ice layers that are located in shallow firn can significantly reduce the diffusivity and gas transport (Trudinger et al., 1997) .
Further analysis of other sites with ice layers is needed to determine at what thickness, depth in the firn, and lateral extent ice layers will impact gas diffusivity in the firn. Upon refreezing, air bubbles are trapped into the ice layer. These bubbles closed near the surface, and therefore contain atmospheric samples that are much older than bubbles formed normally at the bottom of the firn column. If bubbles occluded within ice layers are large enough, they will bias the age of gas records to be older than expected at that depth. Despite large bubbles closing off near the surface, ice layers are also noticed for a lack of air content, as the closed porosity is not formed the same way as normal firn layers.
The presence of liquid water during the refreezing process affects the composition of the trapped air bubbles through gas dissolution (Neftel et al., 1983) and possibly biological activity (NEEM Community Members, 2013). Neftel and others found that the water phase allows CO 2 to dissolve, which is expelled into the trapped air bubbles during the refreezing process and therefore produces larger-than-expected CO 2 concentrations. It has also been found that CH 4 and N 2 O are elevated in ice layers from the Dye3 site in Greenland, along with lowered air content (NEEM Community Members, 2013). Consequently, the composition of the air inside the bubble will not exactly match the atmospheric gas concentrations, and will also differ from that of air bubbles that will form in the surrounding firn once the pore close-off depth is reached. Nevertheless, the air trapped inside the refrozen ice layers will have a biased air composition that is older than expected.
Our study suggests that the ice layers found at the NEEM site are in fact not thick enough to cause a disruption in the firn-air profile. However, the lowered air content of the ice layers, combined with the closed air bubbles found in the refrozen layers, will cause a disruption in the gas record once this firn layer passes the firn-ice transition depth. The DE08-2 study shows that "significant" ice layers, the thickness of which are not published, shallow in the firn column, do affect the diffusivity of the firn, though. Therefore, melting events larger than those seen at NEEM between 1750 and 2009 would be needed to affect the firn-air profile.
Conclusions
Both ice layers in the NEEM 2009 firn core were permeable, and only the shallower layer was significantly less permeable than the surrounding firn. In both the deep and shallow ice layers, air bubbles were trapped during the refreezing process of the surface melt. These air bubbles contain atmospheric samples that are much older and probably contain higher concentrations of CO 2 , CH 4 , and N 2 O than expected for the surrounding firn, since they were trapped near the surface while the water phase was present. The microstructure of the ice layers derived from the micro-CT shows that the bubbles in the deeper ice layer will comprise approximately 12 % of the closed porosity when the firn reaches the firn-ice transition depth, and will bias the future ice core gas record at that depth. Taken as a whole, our results suggest that the effects of ice layers do not need to be accounted for when modeling firn gas transport at NEEM. Since ice layers have been found to affect gas transport in the DE08-2 firn, further work is needed at other sites to determine the necessary conditions for ice layers to affect gas transport in polar firn.
